ABSTRACT
INTRODUCTION
In the Nordic countries, XLPE insulated power cables have been used for more than 30 years. Approximately 12 000 km of XLPE insulated MV power cables without radial watertightness have been installed in Norway. All these cables are susceptible to water-treeing. Condition assessment has therefore become increasingly important for the utilities, due to high probability of failure caused by water tree degradation [1] .
The condition of water tree degraded service aged XLPE cables can be assessed by measuring the dielectric response of the insulation. Water tree ageing causes, for example, measurable changes of the dielectric loss tangent (Tan δ) [1] , [2] . However, these measurements alone will not be sufficient to estimate the remaining life and the failure probability of the cable. This paper presents therefore an approach to overcome this problem.
The first part of this paper presents a general framework for estimation of deterioration and failure probability of components in the power grid. The second part of this paper presents a case study that shows that the general framework combined with experience gained from the dielectric response measurements can be used for reliability modelling of XLPE MV cables. Figure 1 shows the major steps in the proposed general analysis framework consisting of a definition of the scope and a reliability model. The analysis results are usually used in a larger context, for example in risk assessment. In the beginning of the analysis it is important to define the scope of the analysis, i.e. it is important "to clarify what we are talking about". Thus, the three first tasks in every analysis are to define the component/system to be analysed, to define the failure mechanism to be analysed, and to define all major operating conditions that influence the degradation process. Basis for these definitions may be existing analyses, such as FMEA or RCM. Note that the assessments in the subsequent analysis steps are conditioned by the defined scope, i.e. the sojourn time estimates and the results for the failure probability and the remaining lifetime are valid only as long as the properties of the analysed system agree with the definitions given in the scope.
GENERAL ANALYSIS FRAMEWORK
The next three steps are related to a reliability model that is briefly described in this section. A degradation model is applied to calculate the remaining lifetime and the failure probability. The results may be used as input in a risk assessment process, e.g. in a risk analysis where the risk is estimated by combining probability and consequences. The risk analysis may be basis for risk evaluation and risk treatment, where finally decisions are made about measures to modify the risk, for example, preventive maintenance (PM), renewal or replacement (see [3] and [4] for relevant examples). The reliability model has been presented earlier [3] [4] [5] Figure 2) .
The model is constructed in a probabilistic framework as described in [7] . The sojourn time T k in each state k may be represented by a probability distribution with one or several parameters θ k . This may be denoted T k ~ PD(θ k ), where PD represents a suitable probability distribution (exponential, Weibull, gamma distribution etc.). This distribution is conditioned on the modeller's belief (model assumptions) and body of knowledge (information available), H, which may be denoted T k ~ PD(θ k |H). Consequently, the probability distribution will change as soon as the modeller's belief and body of knowledge (H) changes, for example, when new data is available (see [8] for more details). The example presented in the case study in this paper will show which consequences the probabilistic framework has for the results.
The application of a probability distribution to model the sojourn times implies that good estimates for the distribution parameters must be found. This is usually a demanding task. If reliability data is available the parameters may be estimated by classical methods, such as maximum likelihood or least square methods [9] . However, data is usually scarce, and when it is available it is often censored. Reference [8] describes how we can handle such situations. Alternative sources of information are engineers having expertise within the relevant field. Such experts can provide useful information about probability distributions in form of best estimates or percentiles. Based on this information, the sojourn time distribution parameters θ can be calculated.
If the parameters of the sojourn time distribution are known, component degradation can be represented mathematically by a semi-Markov process, and the remaining lifetime and the failure probability can be calculated, see [5] for further details.
CASE STUDY: XLPE CABLES
This section presents a case study where the proposed approach has been applied. A 1 st generation XLPE insulated MV power cable was analysed in this case study. This cable has no radial watertightness, and it has an insulation screen made of semi-conductive paint and tape. Because the most common failure mechanism for this type of cable is watertreeing, the following analysis focuses on this problem. (Figure 3 ). These databases can be used during condition assessment and as basis for a reliability analysis.
The specific cable analysed here has been installed in 1979, and in 2005 the dielectric loss tangent was measured as 3.2·10 -3 . The grid company decided to continue operation with this cable, because the remaining strength of the cable insulation was assumed to be around 3.5·U 0 (see Figure 3) . However, the cable failed after 1 year, and the company came up with the request to calculate the failure probability in retrospect. The presented reliability model was thus used for the analysis. A meaningful state definition is needed for the reliability model. Because the condition of the cable is assessed by measuring the dielectric response of the insulation and the measurable changes of the dielectric loss tangent, this parameter was used to establish condition states. Experts in the field of XLPE cables and cable diagnostics established a definition of technical condition states by specifying ranges of Tan δ-values that correspond to the general state description presented in the previous section ( Table 1) . The state definition is also shown in the diagram in Figure 3 .
In the next analysis step, the sojourn times in each state were estimated. The experts were asked to express their opinion about the mean and the 10 th percentile of the sojourn times in states 1-4. The expert estimates for a cable under normal operating conditions are shown Table 2 . In addition, the experts stated that variations from the normal operating conditions may influence the given estimates as follows:
• When the cable is directly connected to the overhead (OH) line, the mean sojourn time in states 3 and 4 are reduced by 10 and 2 years, respectively, due to higher probability of lightning-induced overvoltages in these cables.
• A damaged outer sheath may reduce the mean lifetime by 10 years.
• High and constant load may reduce the mean lifetime by 12 years. Assuming that the shape of the distributions remain constant and that the reduction of the mean lifetime is distributed proportional on the mean sojourn times, the estimates for "abnormal" operating conditions are also given in Table 2 .
According to the state definition, the cable is in state 3. Since the state width in state 3 is rather large, we may divide the state into three parts, denoted 3 + , 3 and 3 -, where the plus sign indicates the first third of the state and the minus sign the last third of the state. From a conservative point of view, the cable is in the beginning of state 3 -. The failure probability of a cable with technical condition 3 -is shown in Figure 4 . The probability that the cable fails within the first year is F (t =1 | normal operating conditions) ≈ 0.02. This means that a cable failure is absolutely possible, but not very likely. Note that this result is conditioned on the assumption that the cable was operated under normal conditions. Because the failure probability has its mode at around five years, it is most likely that the cable fails in five years (2010). The expected remaining lifetime is around 9 years. However, the distribution is rather broad and indicates that it is quite likely that the cable can fail earlier or later.
There is also the possibility to calculate the failure probability based on the cable age. The failure probability for a 26 years old cable where the condition is not known is as shown in Figure 5 . The probability distribution is very broad and rather non-informative. The expected remaining lifetime is 22 years, but this result is not very useful for planning of maintenance and replacement, because without having knowledge about the cable condition the remaining lifetime is quite uncertain.
More detailed investigations revealed that the cable had sheath fault. This new knowledge can be incorporated into the analysis, and the failure probability for a cable with The calculation of the failure probability will give a better foundation for decisions about PM, renewal and replacement than condition monitoring only. The basis for decision making may be further improved by carrying out a risk analysis where the failure probability is an important input value.
sheath fault becomes as shown in Figure 6 . The probability that the cable fails within one year increases to F (t =1 | sheath fault) ≈ 0.04. This knowledge may influence the decision about replacement and reinvestment.
A risk analysis where consequences of a cable failure are assessed might be necessary to make a final and wellfounded decision about maintenance and replacement. However, this is outside the scope of this paper and the interested reader is referred to [3] and [5] where relevant examples are presented and where it is shown how the results presented in this paper may be further utilized in a risk analysis.
The case study showed the practical application of the described approach. A meaningful state definition could be established for water tree aged XLPE MV cables based on expert knowledge and the results in existing databases. 
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Figure 6
Failure probability for a cable with sheath fault and with technical condition 3 -.
